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DC-TO-DC CONVERTER AND METHOD
FOR OPERATING A DC-TO-DC
CONVERTER

BACKGROUND OF THE INVENTION

The present invention relates to a DC-to-DC converter
and to a method for operating a DC-to-DC converter.

In electric or hybrnid vehicles, electrical energy can be
transmitted between a high-voltage network and a low-
voltage network. In order to achieve the requisite galvanic
1solation for this purpose, single-phase phase-shifted full-
bridge (PSFB) DC-to-DC converters, for example, can be
employed. DC-to-DC converters of this type can be operated
bidirectionally, 1.¢. electrical energy can be transmitted from
the low-voltage network to the high-voltage network, and
from the high-voltage network to the low-voltage network.

Document DE 10 2013 207 475 Al discloses a DC-to-DC
converter with a phase-shifted full-bridge. The inverter
comprises two half-bridges, each having two semiconductor
switches. The two half-bridges are connected on the output
side to a primary winding of a transformer. A secondary
winding of the transformer i1s connected to a rectifier. The
DC-to-DC converter comprises a control unit, which 1s
connected to the control mputs of the semiconductor
switches, wherein the control unit actuates the halt-bridges
for the generation of an AC voltage. The control unit 1s
designed to switch a semiconductor switch to a conductive
state at a voltage zero-crossing, or i conjunction with a
mimmum voltage value of the voltage across the semicon-
ductor switch.

SUMMARY OF THE INVENTION

The present mvention discloses a DC-to-DC converter,
and a method for operating a DC-to-DC converter.

Accordingly, the following 1s provided:

A DC-to-DC converter having an inverter, a first trans-
former, a rectifier and a compensating device. The first
transformer comprises a primary winding and a secondary
winding. The inverter 1s electrically coupled at an input to a
first mput terminal and a second mput terminal of the
DC-to-DC converter. An output of the inverter 1s electrically
coupled to the primary winding of the first transformer. The
rectifier 1s coupled on its 1input side to the secondary winding
of the first transformer. On the output side, the rectifier 1s
clectrically coupled to a first output terminal and a second
output terminal of the DC-to-DC converter. The compen-
sating device comprises a second transformer and a switch-
ing element. The second transformer comprises a primary
winding and a secondary winding. The primary winding of
the second transformer 1s arranged between the first input
terminal of the DC-to-DC converter and a terminal of the
input of the inverter. A series circuit comprised of the
switching element of the compensating device and the
secondary winding of the second transformer 1s further
arranged between the first input terminal and the second
input terminal of the DC-to-DC converter.

The following 1s further provided:

A method for operating a DC-to-DC converter according
to the invention, comprising steps for the charging of the
primary winding of the second transformer in the compen-
sating device, and the subsequent discharging of the primary
winding of the second transformer in the compensating
device. The method further comprises a step for the closing
of the switching element in the compensating device for a
predetermined time interval. The closing of the switching
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2

clement of the compensating device 1s executed at the end of
the step for the discharging of the primary winding of the
second transformer. The above-described steps can be
repeated as many times as may be required.

The switching elements of a DC-to-DC converter, spe-
cifically of a phase-shifted full-bridge DC-to-DC converter,
depending upon the output power, are generally hard-wired.
Turn-on and turn-ofl losses can occur in the switching
clements of the DC-to-DC converter accordingly. Moreover,
depending upon the voltages present in the DC-to-DC
converter, a “reverse-recovery’’ ellect can occur. This means
that, during a commutating process of the electric current in
the DC-to-DC converter, a diode in the current path may not
immediately assume the blocking voltage, but rather the
diode 1s conductive for a short period, even though a
negative voltage 1s present (i.e. 1n opposition to the forward
direction of the diode). As a result, short and very high
current pulses can occur 1n the diode. These current pulses
are associated with very high losses. Conventional body
diodes, of the type employed in combination with semicon-
ductor switching elements, are not generally designed for
this type of operating mode. There 1s consequently a risk
t
C

nat, 1n the event of long-term duty, components will be
amaged, or the service life of the DC-to-DC converter will
at least be significantly impaired.

The basic principle of the present invention 1s therefore to
take account of the above-described knowledge and provide
a DC-to-DC converter which can eliminate, or at least
reduce, the negative influences associated with the above-
described reverse-recovery eflect. By means of the DC-to-
DC converter according to the invention and the correspond-
ing operating method, the reverse-recovery ellect,
specifically in the rectifier diodes of a DC-to-DC converter,
can be reduced to a minimum. It 1s thus possible to employ
the DC-to-DC converter, even 1n step-up and continuous
duty. Specifically, step-up and continuous duty of this type
can also be achieved using conventional body diodes for the
semiconductor switching elements employed.

By the minimization of the reverse-recovery eflect, the
DC-to-DC converter can be continuously employed as a
step-up converter. The maximum transmittable output power
1s no longer limited by losses associated with the turn-oil of
the semiconductor diodes. Specifically, the DC-to-DC con-
verter can thus be permanently employed as a step-up
converter in continuous duty. Improved efliciency of the
step-up converter 1n continuous duty can also be achieved.
Moreover, 1 this type of duty, the DC-to-DC converter
according to the invention also exhibits significantly
improved properties with respect to electromagnetic com-
patibility.

According to one form of embodiment of the DC-to-DC
converter, the compensating device further comprises a
diode. This diode i1s arranged in combination with the
switching element of the compensating device and the
secondary side of the second transformer 1n a series circuit
between the first input terminal and the second mnput termi-
nal of the DC-to-DC converter. In this manner, 1t can be
ensured that the compensating device only compensates a
directly-tlowing current, with no resulting current 1njection
in the opposing direction.

According to one form ol embodiment, the switching
clement of the compensating device comprises a metal-
oxide field-etlect transistor (MOSFET). Transistors of this
type are particularly suitable for use as switching elements.

According to one form of embodiment, the compensating
device 1s designed to close the switching element of the
compensating device for a predetermined time interval
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before an electric current 1s commutated 1n the rectifier of
the DC-to-DC converter. By the closing of the switching
clement 1n the compensating device, any electric current
flowing 1n the mverter can be rapidly suppressed as a result
of the coupling between the primary winding and the
secondary winding of the second transformer.

The primary winding and the secondary winding of the
second transformer are mversely interconnected.

According to one form of embodiment, the inverter of the
DC-to-DC converter comprises two hali-bridges, each hav-
ing two semiconductor switches. Inverter topologies of this
type are particularly appropnate for the DC-to-DC converter
according to the invention. As semiconductor switches, for
example, MOSFETs or insulated-gate bipolar transistors
(IGBTs) can be employed. A “body diode” can be arranged
in parallel with the switching element.

According to one form of embodiment, the rectifier of the
DC-to-DC converter comprises an active synchronous rec-
tifier. Specifically, the active synchronous rectifier can be
constituted by semiconductor switching elements having a
parallel-connected body diode. Active synchronous rectifi-
ers have a very high level of efliciency. Moreover, 1 a
configuration of this type, the DC-to-DC converter can also
be operated 1n the inverse direction. MOSFETs, for example,
can also be employed to constitute the rectifier.

According to one form of embodiment of the method for
operating the DC-to-DC converter, the charging of the
primary winding of the second transformer in the compen-
sating device comprises the provision of an electrical con-
nection between the terminals of the inverter input. The
clectrical connection can be achieved, for example, by the
closing of all the switching elements in the inverter.

According to one form of embodiment, the step for the
discharging of the primary winding of the second trans-
former 1n the compensating device comprises the provision
ol an electrical connection by means of the primary winding
of the first transformer. Specifically, the polarity of the
voltage applied to the primary winding of the first trans-
former can thus be mverted 1 two sequential discharging
Processes.

According to one form of embodiment, the predetermined
time interval during which the switching element of the
compensating device 1s respectively closed 1s a maximum
400 ns. Depending upon the application, the maximum time
interval can also be as short as 200 ns or, where applicable,
as short as 100 ns.

The above-mentioned configurations and further devel-
opments can be mutually combined as required, insofar as
this 1s appropriate. Further configurations, further develop-
ments and implementations of the invention also include
combinations, which are not explicitly mentioned, of fea-
tures of the ivention which are described heretofore or
heremnafter with reference to the exemplary embodiments.
Specifically, a person skilled 1n the art will also add 1ndi-
vidual aspects, by way of improvements or additions, to the
respective basic forms of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s explained in greater detail here-
iafter with reference to the exemplary embodiments rep-
resented 1n the schematic figures of the drawings. In the
figures:

FIG. 1: shows a schematic representation of a block
circuit diagram, constituting the basis of a DC-to-DC con-
verter according to one form of embodiment;
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4

FIGS. 2 to 4: show schematic representations of current
paths 1 a DC-to-DC converter according to one form of
embodiment; and

FIG. 5: shows a schematic representation of a flow
diagram, constituting the basis of a method for operating a
DC-to-DC converter according to one form of embodiment.

DETAILED DESCRIPTION

FIG. 1 shows a schematic representation of a block circuit
diagram, constituting the basis of a DC-to-DC converter 1
according to one form of embodiment. The DC-to-DC
converter 1 comprises an inverter 10, a rectifier 20, a first
transformer 30 and a compensating device 40. Between a
first input terminal E1 and a second input terminal E2 of the
DC-to-DC converter 1, a DC mput voltage Uin can be
applied. For the smoothing or buflering of the DC 1nput
voltage Uin, a capacitor C2 can be provided between the first
and second input terminals E1, E2. The DC-to-DC converter
1 converts the DC input voltage Umn mto a further DC
voltage, and provides this converted DC voltage as a DC
output voltage Uout between the first output terminal Al and
the second output terminal A2. A capacitor C1 can also be
provided between the first output terminal Al and the second
output terminal A2. Specifically, the DC output voltage Uout
can be higher than the DC mput voltage Uin.

The DC-to-DC converter 1 can additionally comprise
turther components, elements or subassemblies. In the inter-
ests of clarity, however, these are not described here.

The mverter 10 can, for example, comprise two hali-
bridges, each having two semiconductor switching elements
M1 to M4. A first switching element M1 can be arranged
between an upper node point and a first terminal of the
primary winding 31 of the first transformer 30. A second
switching element M2 can be provided between the upper
node point and a second terminal of the primary winding 31
of the first transformer 30. A third switching element can be
provided between the first terminal of the primary winding
31 of the first transformer 30 and the second nput terminal
E2. Finally, a fourth switching element M4 can be provided
between the second terminal of the primary winding 31 of
the first transformer 30 and the second input terminal E2. As
semiconductor switches, for example, MOSFETs or insu-
lated-gate bipolar transistors (IGBTs) can be employed. A
body diode can be arranged 1n parallel with each switching
clement.

The rectifier 20 of the DC-to-DC converter 1 can be
configured as an active synchronous rectifier. Specifically,
the rectifier 20 can be configured analogously to the inverter
10 1n the form of two hali-bridges, each having two semi-
conductor switching elements MS to M8. A first switching
clement M5 of the DC-to-DC converter can be provided
between a first output terminal of the DC-to-DC converter
and a first terminal of the secondary winding 32 of the
transformer 30. A second switching element M6 of the
DC-to-DC converter can be provided between the first
output terminal A2 and a second terminal of the secondary
winding 32 of the transformer 30. A third switching element
M7 can be provided between a second output terminal A2
and the first terminal of the secondary winding 32 of the
transiformer 30. Finally, a fourth switching element M8 can
be provided between the second output terminal A2 and the
second terminal of the secondary winding 32 of the trans-
former 30. Between one node point, which interconnects the
second switching element M6 and the fourth switching
element M8 of the rectifier 20, and the second terminal of the
secondary winding 32 of the transformer 30, an inductance
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33 can be provided. Alternatively, this inductance 33 can
also be constituted by the stray inductance of the transformer

30.

The compensating device 40 of the DC-to-DC converter
1 comprises a second transformer 42 and a switching
clement 41. The compensating device 40 can further com-
prisc a diode 45. A primary winding 43 of the second
transformer 42 of the compensating device 40 1s arranged
between the first input terminal E1 and an mput terminal of
the inverter 10. The switching element 41 of the compen-
sating device 40 1s arranged between the second input
terminal E2 and a terminal of the secondary winding 44 of
the second transformer 42 of the compensating device 40.
The second terminal of the secondary winding 44 of the
second transformer 42 of the compensating device 40 1s
connected, where applicable via the diode 45, to the first
input terminal E1 of the DC-to-DC converter 1.

The operating principle of the DC-to-DC converter 1 1s
described 1n greater detail hereinafter, with reference to
FIGS. 2 to 4. A DC 1put voltage Uin applied between the
first input terminal E1 and the second 1mnput terminal E2 1s to
be converted 1nto a higher DC output voltage Uout between
the first output terminal Al and the second output terminal
A2.

FIG. 2 firstly illustrates a first step, 1n which the four
switching elements M1 to M4 of the inverter 10 are closed.
As can be seen from the current path represented 1n bold in
FIG. 2, an electric current tlows from the first input terminal
E1 through the primary winding 43 of the second trans-
former 42 of the compensating device 40 via the four
switching elements M1 to M4 of the mverter to the second
input terminal E2. While this current flow 1s established,
energy 1s stored in the primary winding 43 of the second
transiformer 42 of the compensating device 40. This step 1s
consequently described as “charging”.

Thereafter, as represented mn FIG. 3, two of the four
switching elements M1 to M4 of the mverter 10 are opened,
such that a flow of electric current through the primary
winding 31 of the first transformer 30 1s now established.
For example, the first switching element M1 and the fourth
switching element M4 can be opened, whereas the second
switching element M2 and the third switching element M3
remain closed. Alternatively, the second switching element
M2 and the third switching element M3 can also be opened,
whereas the first switching element M1 and the fourth
switching element M4 remain closed. In operational duty,
the two switching states just described are generally estab-
lished in an alternating manner, such that a sequential
inversion of the flow of current in the primary winding 31 of
the transformer 30 1s respectively established. The electric
current flowing in the primary winding 31 of the first
transformer 30 also induces a tlow of electric current 1n the
secondary winding 32 of the transformer 30. By a corre-
sponding actuation of the switching elements M5 to M8 1n
the rectifier 20 of the DC-to-DC converter 1, the capacitor
C1 between the first output terminal A1 and the second
output terminal A2 can be charged accordingly. During this
process, electrical energy stored 1n the primary winding 43
of the second transformer 42 of the compensating device 40
1s released. This process 1s consequently described as “dis-
charging”.

Discharging 1s followed by a further charging step, and
thereafter by a further discharging step, wherein, 1 two
sequential discharging steps, a respectively inverse tlow of
current 1n the primary winding 31 of the first transformer 30
1s established.
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I1 the output power of the DC-to-DC converter 1s low, the
clectric current flowing in the primary winding 43 of the
second transformer 42 of the compensating device 40 falls
to 0 A at the end of the discharging process. Accordingly, the
body diodes of the switching elements M5 to M8 1n the
rectifier 20 can be turned off in a de-energized state. This
operating mode 1s described as discontinuous operation.

At higher output powers, the electric current flowing 1n
the primary winding 43 of the second transformer 42 of the
compensating device 40 will no longer decay completely to
0 A. This operating mode 1s described as continuous opera-
tion. In this case, the body diodes of the switching elements
M5 to M8 1n the rectifier 20 can no longer be turned ofl 1n
a de-energized state. This results 1n higher losses associated
with the reverse-recovery eflect.

For the prevention or minimization of the reverse-recov-
ery ellect, and the losses associated therewith, the switching
clement 41 of the compensating device 40 1s short-circuited
for a predetermined time interval at the end of the discharg-
ing process, shortly before the switchover to operation 1n
charging mode, as represented in FIG. 4. This operating
mode 1s described as freewheeling mode. The primary
winding 43 and the secondary winding 44 of the second
transformer 42 of the compensating device 40 thus function
as an 1solating transformer. The primary winding 43 of the
second transformer 42 induces a voltage in the secondary
winding 44 of the second transformer 42. As the primary
winding 43 and the secondary winding 44 of the second
transformer 42 are mversely interconnected, the secondary
voltage on the secondary winding 44 counteracts the pri-
mary voltage. The magnitude of the secondary voltage can
thus be adjusted, according to the transformation ratio
between the primary winding 43 and the secondary winding
44 of the second transtormer 42. The voltage induced 1n the
secondary winding 44 generates a flow of current, which
flows back through the switching element 41, the secondary
winding 44 and the diode 45 to the capacitor C2 which 1s
connected between the first input terminal E1 and the second
input terminal E2 and/or to a voltage source which 1is
connected to the first input terminal E1 and the second 1nput
terminal E2. As electrical energy 1s fed back in this manner
to a connected voltage source, the efliciency of the DC-to-
DC converter 1 can also be enhanced.

During the process described above, in freewheeling
mode, the electric current flowing 1n the primary winding 31
of the first transformer 30 falls to approximately 0 A. Energy
stored 1n the stray inductance or 1n the inductance 33 on the
secondary winding 32 of the first transformer 30 1s dissi-
pated by the conductive semiconductor components M1 and
M4 or M2 and M3 in the DC-to-DC converter 1. The
corresponding components can thus be turned ofl in a
de-energized state. In this manner, reverse-recovery losses
are reduced to a mimimum. Shortly after the switchover to
the charging mode described above, the switching element
41 of the compensating device 40 1s re-opened, and a further
cycle of charging and discharging commences, which again
terminates 1n freewheeling mode.

FIG. § shows a schematic representation of a flow dia-
gram, constituting the basis of a method for operating a
DC-to-DC converter according to one form of embodiment.
Specifically, the method described here can be applied to an
above-described DC-to-DC converter 1. In step 110, firstly,
the primary winding 43 of the second transformer 42 of the
compensating device 40 1s charged. Thereafter, 1n step 120,
the primary winding 43 of the second transformer 42 1n the
compensating device 40 1s discharged. Charging 110 and
discharging 120 have already been described above. At the
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end of the discharging process 120, the switching element 41
of the compensating device 40 1s closed for a predetermined
time 1interval. The predetermined time interval can, for
example, be a maximum 400 ns. Depending upon the
application, however, longer or shorter time intervals are
also possible, for example 200 ns or 100 ns.

The charging of the primary winding 43 and the subse-
quent discharging of the primary winding 43 of the second
transformer 42 can be repeated regularly during the opera-
tion of the DC-to-DC converter 1. At the end of each
discharging process 120, closing 130 of the switching ele-
ment 41 1s executed for the above-described freewheeling
mode.

In summary, the present invention relates to a DC-to-DC
converter having reduced losses associated with a reverse-
recovery ellect. To this end, a transformer 1s provided on one
iput of the DC-to-DC converter. By means of this trans-
former, for the purposes of de-energized commutation, any
residual electric current flowing 1n the transformer can be
compensated, and dissipated accordingly. Specifically dur-
ing continuous step-up duty, electrical losses associated with
a reverse-recovery ellect can be reduced or prevented.

The 1nvention claimed 1s:

1. A DC-to-DC converter (1), having:

a first transtformer (30), with a primary winding (31) and

a secondary winding (32);

an mverter (10), which 1s electrically coupled at an input

to a first input terminal (E1) and a second input terminal

(E2) of the DC-to-DC converter (1), and an output of
which 1s electrically coupled to the primary winding
(31) of the first transformer (30);

a rectifier (20), which 1s coupled on 1ts mnput side to the
secondary winding (32) of the first transformer (30)
and, on the output side, 1s electrically coupled to a first
output terminal (Al) and a second output terminal (A2)
of the DC-to-DC converter (1); and

a compensating device (40), having a second transformer
(42) and a switching element (41), wherein the second
transformer (42) comprises a primary winding (43) and
a secondary winding (44 ), wherein the primary winding
(43) of the second transformer (42) 1s arranged 1n series
with and between the first input terminal (E1) of the
DC-to-DC converter (1) and a terminal of the input of
the inverter (10), wherein a series circuit comprised of
the switching element (41) and the secondary winding
(44) of the second transformer (42) 1s arranged between
the first mput terminal (E1) and the second input
terminal (E2) of the DC-to-DC converter (1), wherein
the DC-DC converter (1) 1s configured to provide an
clectrical connection via the mverter (10) through the
primary winding (31) of the first transformer (30) in the
compensation device (40) for discharging the primary
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winding (43) of the second transiormer (42), and
wherein the switching element (41) positioned between
the second iput terminal (E2) and a terminal of the
secondary winding (44) of the second transtormer (42).
2. The DC-to-DC converter (1) as claimed 1n claim 1,

wherein the compensating device (40) further comprises a
diode (45), and wherein a series circuit comprised of the
diode (45), the switching element (41) and the secondary
winding (44) of the second transformer (42) i1s arranged

between the first mput terminal (E1) and the second input
terminal (E2) of the DC-to-DC converter (1).

3. The DC-to-DC converter (1) as claimed 1n claim 1,

wherein the switching element (41) of the compensating
device (40) comprises a metal-oxide field-elfect transistor,
MOSFET.
4. The DC-to-DC converter (1) as claimed 1n claim 1,
wherein the compensating device (40) 1s designed to close
the switching element (41) for a predetermined time interval
betfore an electric current 1s commutated 1n the rectifier (20).
5. The DC-to-DC converter (1) as claimed 1n claim 1,
wherein the mverter (10) comprises two hali-bridges, each
having two semiconductor switches (M1 M4).
6. The DC-to-DC converter (1) as claimed in claim 1,
wherein the rectifier (20) comprises an active synchronous
rectifier.
7. A method (100) for operating the DC-to-DC converter
(1) as claimed 1n claim 1, comprising the following steps:
charging (110) of the primary winding (43) of the second
transtformer (42) in the compensating device (40);

discharging (120) of the primary winding (43) of the
second transformer (42) in the compensating device
(40);

closing (130) of the switching element (41) 1n the com-
pensating device (40) for a predetermined time 1nterval,
at the end of the discharging of the primary winding
(43) of the second transformer (42); and

repetition of the above-mentioned steps.

8. The method (100) as claimed in claim 7, wherein the
charging (110) of the primary winding (43) of the second
transformer (42) 1n the compensating device (40) comprises
the provision of an electrical connection between the termi-
nals of the mput of the mverter (10).

9. The method (100) as claimed 1n claim 7, wherein the
discharging (120) of the primary winding (43) of the second
transformer (42) in the compensating device (40) comprises
the provision of the electrical connection by means of the
primary winding (31) of the first transformer (30).

10. The method (100) as claimed 1n claim 7, wherein the
predetermined time interval comprises a maximum time
interval of 400 nanoseconds.
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